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The lignin peroxidase isozyme with an isoelectric point of 4.15 from Phanerochaete chrysosporium was crystallized and the crystal parameters were 
determined. The new crystals are monoclinic but they are related to the orthorhombic crystals previously obtained for another isozyme. Lignin 
peroxidase was produced in a semi-continuous process to obtain adequate amounts of protein for crystallization. Combining multiple harvests 
from such a production process did not interfere with crystallization. 
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1. INTRODUCTION an activity assay for ligninase [ 111. LiP occurs in multi- 
ple isozymic forms 18,9]. 
Lignin is a random 3-dimensional polymer based on 
phenylpropane units. It protects cellulose and 
hemicellulose from enzymatic degradation in plants 
and subsequently provides rigidity to vascular plants 
like trees [I]. Being the second most abundant 
renewable material on earth and rich in aromatic 
substructures lignin is likely to be an important 
substance for energy production and chemical supply 
[2,3]. Lignin can be degraded enzymatically through a 
combined action of several enzymes. The exact role of 
each enzyme is as yet not clear [4]. 
Ligninases have been characterized by kinetic and 
spectroscopic methods [20] but detailed structural data 
are still lacking. However, one isozyme of ligninase 
(Lip 4.65) has already been crystallized [12] and the 
crystal structure determination of ligninase is in pro- 
gress 1131. 
Lignin peroxidase (ligninase, Lip, EC 1.11.1.7) is a 
possible key enzyme involved in lignin breakdown (see 
[5] for a review) and the only lignin-modifying enzyme 
crystallized so far. Ligninase is produced by several 
wood-rotting fungi of which Phanerochaete 
chrysosporium is so far studied most. 
LiP was first detected in culture fluids of P. 
chry~o~~or~u~ in 1983 and was subsequently purified 
[6,7]. Since then, extensive research efforts to 
characterize this enzyme have been undertaken, e.g. 
[g-lo]. Ligninase has been shown to be a glycoprotein 
of about 40 kDa and it carries one iron protoporphyrin 
IX as a prosthetic group. Probably the best known 
reaction catalyzed by ligninase is the conversion of 
veratryl alcohol to veratraldehyde, which is also used as 
Here we describe the crystallization of a second 
isozyme of ligninase (Lip 4.15) which differs in 
catalytic properties and stability from LiP 4.65. It is 
produced in much smaller amounts by P. 
chrysosporium as LiP 4.65. As an overproduction 
system for lignin peroxidase in P. chryso~~or~u~ is not 
yet available, we have used semi-continuous cultivation 
and combined the harvests to obtain sufficient protein 
for crystallization experiments. Batch combination is 
not the usual approach to this quantity problem in pro- 
tein crystallization but our results show that it can be 
used if sufficiently pure material can be obtained. 
2. EXPERIMENTAL 
2.1. Production of lignin peroxidase 
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Lignin peroxidase was produced by cultivating P. chrysosporium 
BKM-F-1767 (ATCC 24725) in C-limited cultures in shake flasks as 
described in 1141. Cultures were induced with veratryl alcohol for 
ligninase production 72 h after inoculum. Harvesting was done 
usually about 48 h after induction by collecting the culture fluids by 
filtration. When semi-continuous cultivation was used, fungal pellets 
were not discarded but redissolved in about 150 ml of glucose-free 
medium and LiP production induced again. Subsequent harvesting 
followed 48 or 72 h after m-induction. Up to four harvesting cycles 
could be made. Each harvest was ultrafiltrated (10 kDa cut-off mem- 
brane) individu~ly to a volume of about t ml right after harvesting 
and stored at 4°C until the cultivation was stopped. 
2.2. Purification and crystallization of iignin peroxidase 
Sequential harvests were pooled prior to further purification. 
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Ligninase was then purified by preparative-scale flat-bed isoelectric 
focussing and gel filtration as described earlier 1121 with 20 mM 
acetic acid, pH 3.3, as eluent in gel filtration. Crystals were grown 
under similar conditions as before [12] in hanging drops by the 
vapour diffusion technique using 10 pl drops over a 1 ml precipitant 
solution in plastic trays (Limbro) [is]. Seedings were carried out by 
first crushing crystals (either badly shaped or too small for further 
work) in the precipitant solution with a glass hair to submicroscopic 
pieces (not visible with 100 x magnification). Various volumes 
(usually much less than 1 pl) were then introduced into drops, which 
were supersaturated with respect o crystalline Lip, with a thin glass 
pipette to promote crystallization. 
2.3. Analytical methods 
Purity and reproducibility of the protein preparations were check- 
ed by SDS-PAGE and analytical isoeiectric focussing against stan- 
dard proteins [IS], carbohydrate content estimation using the orcinol 
test (mannose standard) [17] and by specific activity determination 
1111. 
2.4. Crystallographic methods 
Crystals were mounted in glass capillaries and sealed between small 
amounts of mother liquor 1151. Precession photographs were record- 
ed on an Enraf-Nonius precession camera with nickel-filtered Cu-K, 
X-radiation from a sealed-off tube (AEG, super fine focus, 40 kV, 
20 mA). The exposure time for one 11” screened precession 
photograph was 40 h. Crystal to film distance was 75 mm. 
3. RESULTS 
3.1. Production and purity of crystallizable LiP 
Table 1 summarizes the content of LiP in sequential 
harvests. In this case only the first three cycles were 
pooled for enzyme purification, because the crude 
ligninase from cycle 4 had a much lower specific activi- 
ty. Before the different harvests were combined, 
samples were taken to detect possible changes in 
isozyme pattern during cultivation. The protein pattern 
obtained by analytical isoelectric focussing (fig. 1) 
shows that LiP 4.15 and LIP 4.65 are produced 
throughout. In contrast, two proteins with an isoelec- 
tric point around 4.3 can be seen for which the relative 
ratio changes with time. 
In all cases LiP 4.15 after purification shows only 
one band both in isoelectric focussing (fig.1) and in 
SDS-PAGE (fig.2). The molecular mass as estimated 
from SDS-PAGE is 41 kDa. The specific activity of the 
pure LiP 4.15 was 22-24 U/mg protein. LiP 4.15 was 
found to contain 5-10 times more sugars (w/w) 
associated with the protein preparation than LIP 4.45 
Table 1 
Semi-continuous production of lignin peroxidase from P. 
chrysosparium 
Harvest Volume Total Total Specific U/I 
cycle (ml) protein ligninase activity 
(mg) (U) Wmg) 
1 840 9.0 77.1 8.6 91.8 
2 1370 17.1 129.1 7.6 94.2 
3 1420 13.9 108.7 7.8 76.5 
4 1030 9.2 52.8 5.8 51.2 
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Fig. 1. LiP isozyme pattern on an analytical isoelectric focussing gel 
(pH range 3-5.5) of four successive harvests of a semi-continuous 
enzyme production. Samples are (A) LIP 4.15 after purification; (Bf 
standard proteins; (C-F) lst-4th harvest, respectively. The 
arrowhead points to pH 4.65 and the arrow to pH 4.15. 
as judged by orcinol tests for several samples from dif- 
ferent cultivations. LiP 4.65 contains constantly 
around 15% carbohydrate (w/w). 
3.2. ~ry~tat~~zatio~ and crystal c~uract~r~zatio~ 
Crystals were obtained in the hanging drops after 
several months of vapour diffusion equilibration 
(fig.3A). The final polyethylenegiycol concentration in 
the precipitant reservoirs was then 35% (w/v). More 
crystals could easily be obtained by seeding with sub- 
microscopic sized crystals in only l-2 days (fig.3B). 
Crystals are plate-like rhombohedrons, the third 
dimension seldom exceeding one fifth of the other two 
(fig.3C). The characteristic brown colour of ligninase 
(due to the haem group) is retained in the crystals. 
Fig.2. SDS-PAGE (10% gel) of purified LIP 4.15 (A) and standards 
(B). Numbers represent kDa. Estimated molecular mass for LiP 4.15 
is 41 kDa. 
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Fig.3. Crystals of LiP 4.15. (A) De novo crystals; (B,C) crystals from 
seeding experiments. 
Strong birefringence in polarized light (fig.3B) and 
sharp edges further identify the material as crystalline. 
Maximum crystal dimensions of about 0.5 x 0.5 x 
0.15 mm could be achieved. 
In the seeding experiments it was very difficult to in- 
duce only a few crystals per drop but mostly at least one 
crystal reached a size sufficient for examination by X- 
ray diffraction. From precession photographs of the 
principal zones h01, Okl and hk0, LiP 4.15 proved to 
have crystallized in the monoclonic space group F21 
and the unit cell dimensions could be determined (table 
2). 
Intergrown crystals and twinning in the monoclinic 
h01 zone posed a more serious problem, as this caused 
many well-sized crystals to be useless for camera work. 
b” 
Fig.4. Precession photograph (Okl-zone, p = ll”) of LiP 4.15. 
The ligninase crystals seem to be very stable in the X- 
ray beam (up to about 200 h). 
4. DISCUSSION 
Monoclinic crystals of lignin peroxidase isozyme 
with IEP = 4.15 from P. chrysosporium were grown by 
vapour diffusion equilibration and characterized (table 
2). The unit cell is clearly related to that of the or- 
thorhombic crystal modification of a previously 
crystallized isozype (Lip 4.65: p212121; a = 41.6, b = 
73.0, c = 109.5 (A), one molecule per asymmetric unit) 
[ 121 although their crystal morphology is strikingly dif- 
ferent, i.e. plate-like rhombohedrons versus needles. 
The packing of the molecules in the two crystal 
modifications must be closely related as well: the dif- 
fraction pattern of the monoclinic crystals reveals a 
pseudo-orthorhombic 21212(1)-packing of ligninase 
molecules in the monoclinic lattice [13]. However, the 
enzymatic properties of these two crystallized ligninases 
are very different in terms of catalytic activity, stability 
and substrate specificity [20]. It is conceivable that the 
two crystallized isozymes could play different roles in 
the enzymatic breakdown of lignin. Thus, the 
crystallization of LiP 4.15 next to LiP 4.65 opens the 
possibility to determine a second crystal structure of 
ligninase and ultimately, to gain better insight in the 
biological breakdown of lignin. 
In protein crystallography it is very important that 
sufficient crystallizable material is readily available. 
This requirement is not fulfilled with LiP 4.15. The on- 
ly way to meet this condition was to pool successive 
harvests from a semi-continuous hake flask culture to 
obtain adequate amounts of protein at a reasonable 
time/profit ratio. This approach can lead to unsatisfac- 
tory results in crystallization in the form of increased 
microheterogeneity [ 181. However, we can repro- 
61 
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Table 2 
Characteristics of lignin peroxidase IEP = 4.15 crystals 
Crystal system 
Space group 
: 
monoclinic 
P21 
44.9 (f 0.1) A 
77.3 (Zt 0.2) A 
; 
99.4 (+ 0.2) A 
100.9O 
Diffraction limit 
Unit cell volume 
2 
V&4 
2.6 A-t 
338800 A’ 
4 
2.07 ‘&J/D 
ducibly acquire LIP crystals starting from pooled 
harvests that are in every respect as good as those from 
single enzyme batches. 
In semi-continuous hake flask cultures usually only 
the first three harvests were pooled, because the 
cultures did not remain free of contaminations after 
that and the total ligninase yield diminished con- 
siderably (table 1). Both costs (less culture medium 
needed) and the time required to produce ligninases 
from P. chryso.sporium could be reduced considerably 
by pooling multiple harvests as compared to three 
single cultivations (always starting from the primary 
growth phase of the fungus). We have also tried to 
crystallize LIP 4.tS from preparations produced in 
larger amounts in a bioreactor. These experiments were 
never successful. The reason might reside in the slightly 
different culture conditions as the buffer used in shake 
flask cultivation, 2,2_dimethylsuccinic acid, is too ex- 
pensive and therefore omitted from large scale nzyme 
production. 
Isoelectric focussing is a rapid and powerful method 
for preparing pure protein for crystallographic pur- 
poses. Attempts to crystallize crude ligninase (a mixture 
of many isozymes 181) have, as expected [19], not been 
successful. This is well understood, since we have 
shown that ligninase isozymes from P. c~ry~o~po~i~~ 
differ in molecular mass, carbohydrate content and 
amino acid composition [13,20], It clearly makes them 
different items in terms of incorporation in a crystal 
lattice. 
Ackn#wlgd~~~e~~~: This study was supported by the Academy of 
Finland (project no.8~1052, T.G.) and the Swiss National Science 
Foundation (grant no.3.179-0.85, J.D.G.S.). We are grateful to Dr 
Matti Leisola (Cultor Ltd., Finland) and Professor Armin Fiechter 
for continuous interest and support. 
REFERENCES 
111 
121 
Dl 
141 
PI 
if4 
[71 
PI 
[91 
IlO1 
Brown, A. (1985) J. Appl. Biochem. 7, 371-387. 
Bisaria, VS. and Ghose, T.K. (1981) Enzym. Microb. Technoi. 
3,90-104. 
Harvey, P.J., Schoemaker, H.E. and Palmer, J.M. (1985) Ann. 
Proc. Phytochem. Sot. Eur. 26,,249-266. 
Kirk, T.K. (1988) ISI Atlas of Science 1, 71-76. 
Kirk, T.K. and Farrell, R.L. (1987) Annu. Rev. Microbial. 41, 
465-505. 
Tien, M. and Kirk, T.K. (1983) Science 221, 661-663. 
Glenn, J.K., Morgan, M.A., Mayfield, M.B., Kuwahara, M. 
and Gold, M.H. (1983) Biochem. Biophys. Res. Commun. 114, 
1077-1083. 
Leisola, M.S.A., Kozulic, B., Meussdoerffer, F. and Fiechter, 
A. (1987) J. Biol. Chem. 262, 419-424. 
Kirk, T.K., Croan, S., Tien, M., Murtagh, K.E. and Farrell, 
R.L. (1986) Enzym. Microb. Technol. 8, 27-32. 
Paszczynski, A., Huynh, V. and Crawford, R. (1986) Arch. 
Biochem. Biophys. 244, X0-765. 
[ll] Tien, M. and Kirk, T.K. (1984) Proc. Natl. Acad. Sci. USA 81. 
WI 
r131 
[I41 
1151 
[IhI 
1171 
WI 
1191 
1201 
2280-2284. 
Troller, J., Smit, J.D.G., Leisola, M.S.A., Kallen, J., 
Winterhalter, K.H. and Fieehter, A. (1988) BiolTechnology 6, 
571-573. 
Smit, J.D.G., Glumoff, T., Troller, J. and Leisola, M.S.A. 
(1989) in: Biotechnology in the Pulp and Paper Manufacture 
(Kirk, T.K. and Chang, H. eds) Butterworths, UK, in press. 
Haemmerli, S.D., Leisola, M.S.A. and Fiechter, A. (1986) 
FEMS Microbial. Lett. 35, 33-36. 
McPherson, A. (1982) Preparation and Analysis of Protein 
Crystals, John Wiley & Sons, New York. 
(1986) ‘LKB 2117 Multiphor II Electrophoresis System’. A 
Laboratory Manual, LKB. Bromma. 
Francois, C., Marshall, R.D. and Neuberger, A. (1962) 
Biochem. J. 83, 335-341. 
Giege, R., Dock, A.C., Kern, D., Lorber, B., Thierry, J.C. and 
Moras, D. (1986) J. Crystal Growth 76, 554-561. 
Smit, J.D.G. (1979) J. Chimie Physique 76, 805-810. 
Glumoff, T., Harvey, P.J., Molinari, S., Goble, M., Frank, 
G., Palmer, J.M., Smit, J.D.G., and Leisda, M.S.A., Eur. J. 
Biochem., in press. 
62 
